To identify single immunodominant marker proteins which can replace complex virion antigen in serodiagnostic assays, we investigated in detail the molecular fine specificity of antibody responses in different individuals with latent or active human cytomegalovirus (HCMV) infection. An overview of the HCMV proteins recognized by human antibodies was obtained by immunoblotting. For selected immunodominant proteins the epitope fine specificity of the antibody response was determined by a peptide-scanning enzyme-linked immunosorbent assay (ELISA). Epitope clusters were synthesized as combination peptides and were used for further serologic analysis of immunoglobulin M (IgM) and IgG reactivities with panels of sera from different groups of patients in comparison to those with cytomegalovirus (CMV) virion antigen. Several serum samples had significantly higher reactivities with peptides than with the CMV virion antigen. However, individual serum samples occasionally recognized diverse peptide epitopes, stressing the importance of using combinations of peptides in serologic assays. From these studies we were able to define a specific combination of peptides derived from pp52 (UL44) and pp150 (UL32) for the specific and highly sensitive early detection of HCMV IgM, whereas a combination of peptides from pp150 (UL32), gB (UL55), and pp28 (UL99) was selected to give optimal and specific reactivity with HCMV IgG. On the basis of the results obtained with these peptide combinations, new, highly specific serodiagnostic assays were constructed. These assays had sensitivities of 98.9 and 96.4% for IgG and IgM, respectively, in comparison with the results obtained with the "gold standard," the virion antigen-based ELISA. From the results of this study we conclude that specific combinations of highly defined synthetic peptides can replace complex HCMV virion extracts used in current serodiagnostics and may add to further standardization of HCMV serology.
Human cytomegalovirus (HCMV), a beta herpesvirus, is widespread in human populations. HCMV is naturally transmitted via saliva, urine, or breast milk but can also be transmitted sexually. Alternatively, HCMV may be transmitted by blood donation and organ transplantation (8) . Infection of immunocompetent hosts with HCMV rarely causes clinical symptoms, whereas in patients with suppressed cellular immune functions or after intrauterine infection, HCMV may cause a variety of clinical syndromes. Transplant recipients can develop a broad range of clinical symptoms during infection, and these may mimic symptoms related to rejection of the transplanted organ. On the basis of clinical manifestations alone, HCMV infection may be difficult to discriminate from transplant rejection and other infections, therefore requiring laboratory confirmation. Specific diagnosis of HCMV infection is based on different approaches. The most direct methods include culture of the virus (5) or detection of viral components, like viral DNA (28) , RNA (1, 6) , and antigens (29) , in body fluids or tissue biopsy specimens. Serologic assays are widely used for donor selection and to support the diagnosis of HCMV infection in the host and to determine whether it is an active or latent infection (12) . Although it indirectly reflects viral activity, serology provides a cheap alternative method that can readily be automated for routine use. In current serologic assays complex viral lysates are commonly used (12) . However, the use of these viral lysates has disadvantages because they consist of many viral antigens whose exact compositions are difficult to standardize. Preparation of lysates requires culture of HCMV in fibroblasts, resulting in potential contamination with cellular proteins. Since many transplant recipients may temporarily develop autoantibody responses, a false-positive reactivity may result (25) . Another problem can arise, since herpesviruses share multiple protein homologues, which can give rise to cross-reactivity in assays based on complex viral lysates (26) . In order to overcome these problems the viral lysate should be replaced by a defined antigen preparation, preferably consisting of a combination of HCMV-specific and immunodominant antigens, in order to achieve the highest sensitivity and specificity. Besides recombinant proteins, synthetic peptides corresponding to immunodominant antigenic determinants of HCMV proteins can be used to detect antibodies to the parent protein (12) . Combinations of such defined immunodominant proteins or peptides may ideally be suited as replacements for complex protein-antigen mixtures.
Although the 235-kb HCMV genome of strain AD169 has been sequenced and more than 200 open reading frames have been identified, only a limited number of HCMV polypeptides have been designed as targets for human antibody responses. The combination of proteins which should be included in the antigen mixture for HCMV serodiagnostic assays is not yet fully defined. However, a number of HCMV proteins may be good candidates (10) . The tegument protein pp150 (UL32) is recognized by most HCMV-positive individuals during both latent infection and an activated or a reactivated state of the viral infection (11, 23, 33) . During primary infection the antibody response to pp150 may be delayed (9) . On the other hand, the major tegument protein (pp65 [UL83]) is recognized early during infection, but antibodies seem to disappear during later stages (22, 32) . Proteins recognized in healthy individuals, furthermore, include the nonstructural protein pp52 (UL44) (18) , the tegument protein pp28 (UL99) (13) , and the viral glycoproteins gB (UL55) (15, 30) and gH (UL75) (24) .
In the present study we analyzed in detail the fine specificities of antibody responses to HCMV during acute and latent infections with the aim of defining the immunodominant HCMV proteins and the dominant epitope domains on these proteins. First, immunoglobulin G (IgG) and IgM responses to HCMV proteins were characterized by immunoblotting. Subsequently, the antibody interaction with several immunodominant proteins was analyzed in more detail by a peptidescanning enzyme-linked immunosorbent assay (ELISA) (PEP SCAN). After defining the most reactive epitope clusters for each protein, soluble peptides and combination peptides were synthesized. The ELISA reactivities of these peptides were compared with results of a standard ELISA based upon an HCMV (strain AD169) lysate. Some peptides showed clearly enhanced reactivity with sera compared to that with the lysate. The most-reactive peptides were subsequently combined to create fully peptide-based diagnostic assays for the detection of IgG and IgM in human sera with high sensitivities and specificities.
MATERIALS AND METHODS
Sera. Serum samples were randomly collected from 122 healthy American blood donors (courtesy of C. A. Horwitz, Mount Sinai Medical Center, Minneapolis, Minn.) and 151 healthy Belgian blood donors (Blood Transfusion Centre, Antwerp, Belgium); 147 commercially available serum samples from blood donors (Trina, Greissensee, Switzerland) were also used. Nine IgM-positive serum samples from 9 transplant recipients (a large volume of sample taken shortly after seroconversion) and 83 follow-up serum samples (2 ml of each sample) from 19 patients with active primary or recurrent HCMV infection were obtained from renal transplant recipients from The Netherlands (H. Weiland, Universital Hospital, Leiden, The Netherlands). Active HCMV infection in these patients was diagnosed by isolation of virus from blood leukocytes by shell vial culture (5) and was confirmed by routine serology (see below). Sera were obtained from all patients at weekly intervals following transplantation, and the sera were analyzed for this study from 2 weeks before until 4 weeks following seroconversion. The time of seroconversion was determined by routine IgM and IgG serology with the IMX CMV-M (Abbott, North Chicago, Ill.) and the Vironostika CMV IgM II (Organon Teknika, Boxtel, The Netherlands) assay kits. The results of routine serologic analysis were confirmed for all serum samples by a noncommercial ELISA (16) with purified virion as the antigen, as indicated below. This assay was used as the "gold standard" in all experiments.
Cell culture and antigen preparation. Human fetal lung fibroblasts (HLFs) were grown in a 1:1 mixture of Ham's F12 medium and Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum (Hyclone, Logan, Utah). For preparation of the antigen, HLF cells were infected with HCMV AD169 at 0.01 PFU per cell for 10 days until a 100% cytopathic effect was achieved for the cells (16) . The cells were harvested, and the cytoplasmic fraction of the infected cells was recovered by hypotonic detergent-mediated lysis of the HCMV-infected cells and by taking the supernatant after removal of the nuclei by Ficoll centrifugation as described by Van Loon et al. (31) . The supernatant was centrifuged at 13,000 ϫ g for 5 min, and the pellet containing soluble virions, capsids, and dense body particles (virion material) was resuspended by sonication in 50 mM phosphate buffered-saline (PBS) at pH 7.2.
SDS-PAGE and Western immunoblot analysis. All protein samples were boiled for 5 min in sample buffer containing 0.2 M Tris-HCl (pH 6.8), 4% sodium dodecyl sulfate (SDS), 0.18% glycerol, 0.02% ␤-mercaptoethanol, bromophenol blue, and 3 M urea and were then centrifuged at 13,000 ϫ g for 1 min. The polypeptides were separated by standard SDS-polyacrylamide gel electrophoresis (PAGE). After electrophoresis in a 10% separation gel, the proteins were transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany), which were subsequently cut into 3-mm strips. Nonspecific binding of serum to the strips was prevented by incubation for 1 h at room temperature with blocking buffer (4% dried milk powder with 5% horse serum in PBS). Human sera used for IgM detection were first treated with GullSorb (Gull Laboratories, Salt Lake City, Utah) to remove the IgG by the protocol provided by the manufacturer. Sera were diluted 1:100 in blocking buffer and were incubated with the blot strips for 3 h at room temperature. The blot strips were washed three times in PBS containing 0.05% Tween 20 (PBST), horseradish peroxidase (HRP)-conjugated anti-human IgG or IgM antibody (DAKO, Glostrup, Denmark) was added, and the mixture was incubated for 1 h at room temperature. After washing, the blot strips were developed by using 0.3% 4-chloro-1-naphthol in PBS as the substrate. To determine the position of known HCMV immunogenic proteins, a mixture of monoclonal antibodies to defined HCMV marker proteins was used. The mixture contained monoclonal antibodies from Goodwin Institute (Plantation, Fla.) and Organon Teknika reactive with pp150 (UL32), pp72 (UL122), pp65 (UL83), pp52 (UL44), and pp28 (UL99).
PEPSCAN. For fine mapping of the pp150, pp65, pp52, and pp28 epitopes, a PEPSCAN was performed (3, 4) . Peptide synthesis and immunological screening were performed at ID-DLO, Lelystad, The Netherlands. For PEPSCAN, peptides of 12 amino acids in length with an overlap of 11 amino acids were synthesized by automated solid-phase peptide synthesis on chemically activated polyethylene pins. The immune reactivities of the peptides were analyzed with HCMV-positive sera as described by Middeldorp and Meloen (17) .
Peptide synthesis. Peptides derived from the most reactive epitope domains of pp150, gB, pp28, and p52 were synthesized by 9-fluorenylmethoxycarbonyl chemistry (Applied Biosystems, Inc., Foster City, Calif.) with a 433A peptide synthesizer from Applied Biosystems, Inc. (2). Peptides were purified by high-pressure liquid chromatography with an RP-C 2 /C 18 column (Pharmacia). Table 1 presents the amino acid sequences of the peptides used.
ELISA. Micro-ELISA plates were coated with the selected peptides in 50 mM sodium bicarbonate buffer (pH 9.6) for 16 h at 4°C. The peptides were used either in a free form or after coupling to bovine serum albumin (BSA) (19) . Free binding sites were saturated by incubation with 3% BSA in PBS. After 1 h of incubation at 37°C the wells were washed four times with PBST. Sera were diluted 1:100 in PBST with 20% normal goat serum containing 0.5% Triton X-100, and the mixture was incubated for 1 h at 37°C. For IgM detection, the sera were first treated with Gullsorb as described above. After washing, HRP-conjugated swine antibody to human IgG or rabbit antibody to human IgM (DAKO) diluted 1,000 times in PBST containing 1% BSA was added for 1 h. The wells were washed four times with PBST and the bound HRP label was detected with 3,3Ј,5,5Ј-tetramethylbenzidine as substrate for 30 min in the dark, after which the coloring reaction was stopped by the addition of 1 M H 2 SO 4 . The absorbance was measured at 450 nm. The virion ELISA with plates coated with sonified virion material at pH 9.6 was performed as described above, except that human serum was diluted in PBST containing 40% normal goat serum containing 0.5% Triton X-100. Sera from healthy HCMV-seropositive individuals. First, the blot strips were randomly probed with 72 serum samples from healthy seropositive blood donors selected by virion ELISA (16) at a 1:100 dilution and analyzed for IgG reactivity. A representative example of individual IgG responses on immunoblots of sera from five donors in this group is shown in Fig. 1A . The HCMV IgG recognition patterns for all sera are summarized in a frequency plot (Fig. 1B) . Sera from HCMVseronegative individuals had no detectable bands in any of the experiments. As shown in the frequency plot, a protein at 150 kDa is recognized by sera from 100% of the HCMV-positive individuals, followed by proteins of 52 and 65 kDa by sera from approximately 80% of the individuals, a protein of 38 kDa by sera from 74% of the individuals, and a protein of 28 kDa by sera from 55% of the individuals. Proteins with molecular masses of 150, 65, 52, 38, and 28 kDa most likely correspond to viral phosphoproteins pp150 (UL32), pp65 (UL83), pp52 (UL44), pp38 (UL80a), and pp28 (UL99), respectively, because they migrated to the positions identified by the reference monoclonal antibodies used. Next to these most reactive HCMV proteins, which correspond to the proteins found in previous studies by other investigators (27, 33) , some additional undefined proteins with molecular masses of 200, 80, 45, and 30 kDa were also identified in 40 to 80% of the serum samples (Fig. 1B) .
Radioimmunoprecipitation analysis (RIPA) largely confirmed the results described above and revealed one additional band at 11 kDa in some sera. This additional band may be related to gB (UL55), as described by others (7) . These data indicate that the immunodominant proteins are mainly recognized by epitopes resistant to denaturation (data not shown).
HCMV recognition pattern in primary infected renal allograft recipients. The development of IgM and IgG antibody responses against HCMV proteins during active HCMV infection following renal transplantation was analyzed by immunoblotting as described above. Mock-infected fibroblast antigen was used as a control for autoreactive IgM, which frequently develops during transplant rejection periods. Confirming previous data (12), the proteins most strongly recognized by human IgM include species with molecular masses of 150, 65, 52, and 38 kDa, corresponding to the proteins pp150 (UL32), pp65 (UL83), pp52 (UL44), and pp38 (UL80a), as shown in Fig. 2B .
To characterize the antigens first recognized by these patients, the development of IgM and IgG antibody responses over time (weekly after transplantation) was monitored by immunoblotting. The results shown in Fig. 2B and C indicate delayed IgM and IgG responses to pp150 compared to the time to the development of antibody responses to pp65, pp52, and pp38. The important immunodominant proteins for early diagnosis of HCMV infection are therefore pp38 (UL80a), pp52 (UL44), and pp65 (UL83). Surprisingly, responses to pp28 of the IgM class were not detected, whereas an IgG response to pp28 was readily detectable.
PEPSCAN analysis of immunodominant proteins of HCMV. From the most immunoreactive polypeptides identified by the immunoblot analysis, amino acid sequence information was used for systematic synthesis of all possible overlapping 12-mer peptides on polypropylene pins. For the identification of antigenic peptide sequences (epitopes), the reactivities of all overlapping 12-mer peptides were analyzed by ELISA (PEPSCAN) with HCMV-seropositive human sera (n ϭ 14 for pp150, n ϭ 9 for pp65, n ϭ 10 for pp52, and n ϭ 10 for pp28) that were reactive with the tested protein on immunoblotting. An example of the results of the PEPSCAN analysis of pp28 (UL99) is shown in Fig. 3 . Figure 3A shows that individual sera recognize multiple regions within the protein sequence and that the numbers and positions of epitopes vary between the sera. Figure 3B and C, however, indicates that the overall reactivities of the sera show a preference for domains in the N-and C-terminal regions of pp28. With the results of the PEPSCAN analysis of pp28, two 30-amino-acid peptide regions could be identified, and these were overlapping with epitopes recognized by most (Ͼ60%) sera (amino acids 15 to 45 and 130 to 160). Similarly, the PEPSCAN analysis of pp52 revealed two commonly recognized epitopes, which were selected for peptide synthesis (i.e., amino acids 266 to 293 and 295 to 312). The PEPSCAN analysis of pp65 did not reveal dominant epitopes consistently recognized by all sera. Therefore, it was not possible to define a specific peptide which was able to replace the whole pp65 protein. The PEPSCAN analysis of pp150 resulted in the identification of three epitope cluster regions (i.e., amino acids 595 to 614, 615 to 636, and 1011 to 1048) which are positionally equivalent to epitopes described previously (9, 20) . Analysis of peptide recognition by individual sera. The reactivities of sera with distinct peptides, selected on the basis of PEPSCAN analysis, were compared with the responses against virion antigens by ELISA in order to define the diagnostic potential of peptides relative to those of intact proteins. The IgG antibody responses were monitored with sera from 49 healthy blood donors by ELISA with HCMV virion antigens and the selected HCMV epitopes described above. All serum samples were also tested by a reference HCMV ELISA method (16) . The IgG reactivities of individual sera revealed a rather diverse recognition of the peptides, as shown in Fig. 4 for five serum samples. Serum from donor 4 has a high level of reactivity to peptides of pp150, whereas for sera from donor 2, a high level of reactivity to pp28 and a low level of recognition of pp150 peptides were seen. The differences in epitope specificities of the antibodies in each serum sample stress the importance of using a mixture of peptides in further studies. The reactivity with a single peptide compared to that with the virion antigen was higher for some sera, reflecting the dominance of the epitope in the overall immune response. This was found for both IgG and IgM responses.
The development of IgM antibody reactivity over time (weekly after transplantation) was monitored in renal transplant patients by ELISA for the different HCMV antigens and the selected HCMV epitopes described above by using mockinfected fibroblasts as a control for the autoreactive IgM response that frequently develops during transplant rejection periods. The results of five follow-up series are shown in Fig. 5 . The IgM reactivity with both virion and peptide antigens was positive at seroconversion and declined during convalescence for all subjects. The point of seroconversion was identical whether virion or peptide antigen was used, but with peptides, significantly higher responses (optical densities at 450 nm [OD 450 ]) were obtained at seroconversion, allowing a more accurate diagnosis. Importantly, no false-positive reactivity (non-HCMV-specific binding) was observed by the peptide ELISA compared to the reactivity observed with the cell culture-derived virion antigen, as illustrated for patients 3 and 5 (Fig. 5 ). Responses to a peptide derived from pp52 were detected early, whereas antibody responses to peptides derived from pp150 were delayed. pp28 was recognized less frequently than the pp150 and pp52 peptides were. In this way we could define a number of specific peptides, listed in Table 1 , with optimal reactivity for human IgM or IgG. These peptides were used for further studies.
Selection of optimal combinations of soluble peptides for detection of IgM or IgG. Synthetic peptides that spanned single or multiple immunoreactive peptide regions as determined by PEPSCAN analysis were synthesized separately by automated solid-phase synthesis, purified by high-pressure liquid chromatography, and tested with panels of sera from healthy donors and allograft recipients. The most reactive peptides or combinations of peptides which could replace the reactivity of the whole protein were evaluated in various combinations to achieve maximal reactivity for particular patient populations or antibody classes. A summary of the results is presented in Table 2 . For the optimal detection of HCMV-reactive IgG, the combination of epitopes from pp150 (amino acids 1011 to 1048), pp28 (amino acids 130 to 160), and BSA-coupled gB (amino acids 60 to 81) was selected on the basis of their individual overall reactivities with the different panels tested (HCMV combination IgG ELISA). With these peptide combinations, HCMV IgG reactivity was analyzed with a panel of sera (n ϭ 420) randomly selected from healthy blood donors. peptides derived from pp150 (amino acids 1011 to 1048) and pp52 (amino acids 266 to 293) were selected as described above (HCMV combination IgM ELISA). HCMV IgM reactivity was analyzed with a panel (n ϭ 83) of sera from renal transplant patients with active HCMV infections that were confirmed by isolation of virus from the blood. Of these, 63 serum samples (76% of the entire panel) were from patients with active HCMV primary infection, and all 63 samples had a positive IgM reaction in the combination IgM ELISA. Of the remaining 20 serum samples from patients with recurrent HCMV infection, 11 (55%) had low HCMV IgM titers by both the virion and combination IgM ELISAs (data not shown). 
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The performance of the HCMV combination IgG ELISA, in which the most reactive peptides (pp150, pp28, and gB) were used as indicated above, in defining the HCMV serologic status of healthy individuals was evaluated with 190 serum samples from HCMV-positive blood donors. The same set of sera was tested by the virion ELISA. Figure 6 shows the results of a comparison of both ELISAs. Good agreement (98.9%) regarding IgG positivity was observed. Two serum samples had discrepant results, and both of these were positive by immunoblot analysis. One of the serum samples was positive by the   FIG. 4 . Overview of the IgG reactivities of five serum samples from HCMV-seropositive healthy blood donors with different peptides. aa, amino acids. virion ELISA but negative by the combination ELISA, and the other serum sample was negative by the virion ELISA and positive by the combination ELISA. There was little relation between the reactivities (OD 450 ) of the peptide-based and virion-antigen ELISAs, as indicated by the scattered distribution of the OD 450 for both IgM and IgG comparisons.
Similarly, 83 follow-up serum samples from 29 allograft recipients with active HCMV infection were tested for IgM reactivity by the HCMV combination IgM ELISA and the virion ELISA (Fig. 6A) . The IgM combination ELISA containing only two peptides, derived from pp52 and pp150, showed a good agreement (96.4%) with the virion IgM ELISA. Follow-up serum samples from one patient were consistently negative by the combination ELISA but positive by the virion ELISA and immunoblot analysis. The reactivity (OD 450 ) of the HCMV combination IgG ELISA generally was higher than that of the virion ELISA for the same serum sample, most importantly resulting in an improved signal-to-background ratio, which allowed a better discrimination of weakly seropositive specimens. FIG. 5 . Overview of the development of epitope-specific IgM responses of sera from five patients with a primary HCMV infection following renal transplantation. All sera were tested by a reference virion ELISA and a control ELISA with mock-infected fibroblast extracts as control for the autoreactive IgM that frequently develops during transplant rejection periods. Ag, antigen; AA, amino acids.
DISCUSSION
HCMV encodes a broad range of proteins, which are exposed to the host immune system during active viral infection. Depending on the immunogenicity of the individual HCMV proteins that are expressed and the strength and specific reactivity of the host response, detectable antibody levels will appear in the serum, allowing serologic detection. Serology is still widely used to define HCMV immune status and to support the diagnosis of active infection determined by more direct methods such as virus isolation, PCR, nucleic acid sequencebased amplification, or antigenemia assay. Progression to the use of more defined (standardized) serologic tools requires the precise definition of the HCMV proteins and their epitopes that are recognized by human IgM and IgG at different stages of HCMV infection. Previous studies have used RIPA and immunoblotting to characterize immunodominant polypeptides of purified HCMV virions (10, 21, 32) . In this study we initially used this approach to confirm the nature of the most immunoreactive HCMV-encoded proteins recognized by sera from both healthy individuals and renal allograft recipients. In contrast to previous studies, we used whole-cell extracts for immunoblot analysis in order to allow identification of all possible HCMV antigenic polypeptides, not just structural virion proteins.
Our results indicate that the IgG response in healthy HCMV carriers is characterized by the recognition of proteins pp150, pp65, pp52, pp38, and pp28 (Fig. 1) , corresponding to the HCMV genes UL32, UL83, UL44, UL80a, and UL99, respectively, confirming the results of other investigators (10, 13, 33) . Furthermore, we identified some additional immunodominant proteins of 200, 80, 45, and 30 kDa that were reactive with 40 to 80% of the sera but for which we could not define the potential reading frame on the HCMV genome.
The immune responses of transplant recipients show IgM and IgG reactivities to the same set of HCMV proteins, pp150, pp65, pp52, and pp38 (Fig. 2) , whereas only an IgG response to pp28 could be detected. The IgM and IgG antibodies to these proteins in follow-up sera from these patients had different kinetics, reflecting the diversity of immune responses at the molecular level. Recognition of immunodominant protein pp150 is delayed in the primary response to HCMV, which is in agreement with the data of Landini (12) . On the other hand, pp52 is the earliest recognized HCMV protein in terms of both the IgM and the IgG responses of most patients analyzed. This immunoblot analysis allowed us to define a number of immunoreactive polypeptides which contain nonconformational epitopes that strongly interact with human IgM and IgG antibodies. Such polypeptides are obvious candidates for more detailed epitope mapping by the PEPSCAN approach. Our PEPSCAN analysis of pp150 revealed epitopes similar to those described by Landini (11) . Data from PEPSCAN analysis of both pp28 and pp52 showed two clear epitope regions for each protein that have not been described before. PEPSCAN anal- a Sera from HCMV-seropositive blood donors were tested for peptides with IgG reactivity. Nine serum samples from nine transplant recipients obtained after seroconversion were tested for IgM reactivity. Positivity was an OD 450 value greater than three times the standard deviation of the mean for a panel of five HCMV-negative serum samples. NT, not tested. ysis of pp65 did not reveal a common dominant epitope, confirming previous data (22) that suggested that pp65 is mostly recognized via conformational epitopes.
Comparison of the immune response to individual peptides derived from PEPSCAN analysis shows a recognition frequency similar to that for the whole protein in the various serum samples studied, confirming that immunoblotting detects antibody binding predominantly mediated by nonconformational epitopes. This was also suggested by the highly similar results of immunoblotting and RIPA (data not shown). Comprehensive evaluation of the immunoreactivities of individual peptides alone and in various combinations with human IgM and IgG allowed the definition of combinations of peptides with optimal diagnostic performance in detecting acutephase seroconversion (IgM) and immune status (IgG) ( Table  2 ).
The synthetic peptides that provided highly dominant immunoreactive epitopes were not necessarily the same for IgM and IgG antibodies, not even within the same patient. In many instances synthetic peptides gave significantly better responses than intact proteins or complex antigen extracts, resulting in improved serologic performance. This may be due to the improved accessibility of defined peptide epitopes in comparison to those of native or even recombinant (fragments of) HCMV proteins.
Due to the highly defined immunochemical character of the selected HCMV peptides, it was not necessary to use control assays for analysis of autoreactive antibodies in sera from patients with transplant rejection or autoimmune diseases (Fig.  5) . In sera from HCMV-negative donors who were seropositive for other human herpesviruses (herpes simplex virus, varicellazoster virus, and Epstein-Barr virus), no false-positive crossreactivity was detected with the selected peptide combinations. These findings illustrate the high degrees of specificity of defined peptide reagents for serologic analysis.
Individual patients may develop antibody responses to different epitopes with different kinetics and strengths after the onset of infection, as indicated by the data presented in Fig. 4 and 5, stressing the importance of using a mixture of different epitopes for specific antibody detection. Therefore, combinations of peptides had to be selected to cover all antibody reactivities, as was previously found for recombinant antigen fragments (14, 33) .
Specific combinations of peptides for use in the serodiagnosis of IgM and IgG reactivities were compared in an ELISA format with the total viral lysate. The best combination of peptides for use in the detection of HCMV IgG (HCMV combination IgG ELISA) consisted of peptides derived from three HCMV proteins, pp150 (UL32), gB (UL55), and pp28 (UL99), and had a sensitivity of 98.9% (Fig. 6) . The combination IgM ELISA contained only peptides from pp150 (UL32) and pp52 (UL44) and had a sensitivity of 96.4% relative to the results of the ELISA with the virion lysate. The sensitivity of the current peptide ELISA for the detection of HCMV antibodies, however, is still not 100%. Therefore, the possibility of using additional markers must be considered. These markers may be derived from known immunoreactive proteins, like pp38 encoded by UL80a, or from the immunodominant proteins at 200, 80, 45, and 30 kDa, for which no reading frame has yet been defined.
In conclusion, we have described in detail the interaction of human IgM and IgG antibodies with defined immunodominant polypeptides of HCMV. This allowed the selection and synthesis of highly defined, individual peptide reagents which proved to be well suited as replacements for complex viral lysates as antigens in ELISAs. The availability of highly defined HCMV reagents, which are relatively cheap compared to the cost of cell culture-derived antigens, is important for further standardization of serology and will contribute to the more accurate serodiagnosis of HCMV infection and determination of HCMV immune status.
